Recent studies indicate a severely reduced coronary flow reserve (CFR) in neonates with congenital heart disease. The significance of these studies remains debatable, as the ability of the anatomically normal neonatal heart to increase coronary flow is currently unknown. This study was designed to establish normal values for CFR in newborns after administration of adenosine [pharmacologic CFR (pCFR)] and as induced by acute hypoxemia (reactive CFR). Thirteen mechanically ventilated newborn lambs were studied. Coronary flow velocities were measured in the proximal left anterior descending coronary artery before and after adenosine injection (140 and 280 g/kg i.v.) using an intracoronary 0.014-in Doppler flow-wire. Measurements were made at normal oxygen saturation (SaO 2 ) and during progressive hypoxemia induced by lowering the fraction of inspired oxygen. CFR was defined as the ratio of hyperemic to basal average peak flow velocity. In a hemodynamically stable situation with normal SaO 2 , pCFR was 3.0 Ϯ 0.5. pCFR decreased with increasing hypoxemia. Regression analysis showed a linear relation between SaO 2 and pCFR (R ϭ 0.86, p Ͻ 0.0001). Reactive CFR obtained at severe hypoxemia (SaO 2 Ͻ30%) was 4.2 Ϯ 0.8, and no significant further increase in coronary flow velocity occurred by administration of adenosine. Newborn lambs have a similar capacity to increase coronary flow in response to both pharmacologic and reactive stimuli as older subjects. Administration of adenosine does not reveal the full capacity of the newborn coronary circulation to increase flow, however, as the flow increase caused by severe hypoxemia is significantly more pronounced. Hemodynamic problems in the neonatal period, often related to congenital heart defects, may affect coronary blood flow (1-3). The coronary physiology in newborns has become of greater importance as cardiac surgery for congenital heart defects is increasingly performed in the neonatal period. Coronary flow reserve (CFR) has been found to be useful in evaluating the effects of cardiac disease and pathologic hemodynamic conditions on coronary flow dynamics in adults (4 -6). CFR is defined as the ratio of maximal coronary blood flow, as induced by reactive hyperemia or administration of vasodilators, divided by resting flow (4).
Hemodynamic problems in the neonatal period, often related to congenital heart defects, may affect coronary blood flow (1) (2) (3) . The coronary physiology in newborns has become of greater importance as cardiac surgery for congenital heart defects is increasingly performed in the neonatal period. Coronary flow reserve (CFR) has been found to be useful in evaluating the effects of cardiac disease and pathologic hemodynamic conditions on coronary flow dynamics in adults (4 -6) . CFR is defined as the ratio of maximal coronary blood flow, as induced by reactive hyperemia or administration of vasodilators, divided by resting flow (4) .
Recent studies performed with positron emission tomography (PET) have shown low CFR in neonates and infants with congenital heart disease (1, 7). The significance of these studies remains debatable, as the ability of the anatomically normal neonatal heart to increase coronary flow is currently unknown (1, 7) . The objective of this study was to provide normal values for CFR in the normal neonatal heart by administration of adenosine [pharmacologic CFR (pCFR)] and by inducing acute hypoxemia [reactive CFR (rCFR)]. For this purpose, an intracoronary Doppler guide wire (IDGW) technique was used in the newborn lamb model. The lamb was weighed, towel dried, placed in an open incubator, and covered with thin plastic sheets to reduce evaporative heat loss. Esophageal temperature was kept at 38 -39°C with radiant heat lamps as needed. The tracheal tube was connected to a Servo Ventilator (model 900C; Siemens-Elema) in the pressure control mode. The initial ventilator settings were; inspiratory pressure 29 cm H 2 O (25 cm H 2 O ϩ positive end expiratory pressure of 4 cm H 2 O), ventilatory rate 50/min; inspiratory time 50% of the cycle and the fraction of inspired oxygen (FIO 2 ) 0.5. The ventilator settings were subsequently adjusted to maintain initial PaO 2 at 6 -8 kPa, and arterial pressure of carbon dioxide (PaCO 2 ) at 5-6 kPa.
An additional arterial catheter was placed in the umbilical artery. Adequate catheter positions were confirmed using fluoroscopy. The arterial catheters in the carotid and umbilical arteries were used to draw blood samples used for measurement of arterial blood gases and Hb and for continuous arterial blood pressure monitoring. When mean arterial blood pressure was Ͻ40 mm Hg, blood was taken from the ewe and 10 mL/kg was given to the lamb, unless the lamb's Hb simultaneously exceeded 150 g/L, in which case Ringer's acetate was used instead for volume expansion. Blood was likewise given (10 mL/kg) when Hb was Ͻ130 g/L. A total of 1 mmol/kg of sodium bicarbonate was given when the pH was Ͻ7.25 and base deficit was Ͼ5 mmol/L. Ketamine, 1 mg/mL in 5% glucose, was infused at a rate of 4 mL · kg Ϫ1 · h Ϫ1 , and pancuronium was administered i.v. as needed to maintain paralysis. Sedation and analgesia after delivery were obtained with an initial i.v. bolus dose of 20 g/kg of Fentanyl, followed by a continuous infusion of 10 g · kg Ϫ1 · h Ϫ1 . The lamb was allowed to stabilize for at least 2 h after delivery. A left lateral thoracotomy was then performed in the fourth intercostal space. The lung was retracted, the pericardium was opened, and the arterial duct and ascending aorta were identified. The arterial duct was ligated. A precalibrated ultrasonic blood flow transducer of proper size (Transonic R or S series) was applied around the ascending aorta to measure cardiac output and was connected to Transonic T101 flow meter. ECG electrodes were sutured on the chest wall subcutaneously for continuous ECG monitoring, and a pulseoximeter was placed on the tail for continuous monitoring of oxygen saturation (SaO 2 ). Hemodynamic stabilization of 30 -60 min was allowed before intracoronary measurements of coronary flow velocities were performed.
Experimental procedure. A 4-F right coronary angiography catheter (Judkins) was advanced through the introducer in the right carotid artery to the aortic root. After identification of the left coronary artery by contrast injection (Omnipaque 240), selective left coronary angiography was performed. The IDGW was then advanced into the proximal left anterior descending coronary artery (LAD) through the coronary catheter, the position of the tip of the IDGW in the proximal LAD was confirmed by fluoroscopy, and the coronary catheter was then withdrawn to the ostium of the left coronary artery. The position of the IDGW was kept as constant as possible by securing it tightly within the coronary catheter and repeatedly conforming its position by fluoroscopy.
Measurements were made at SaO 2 Ͼ90%, and the level of oxygenation was confirmed with blood gas analysis and pulseoxymetry. In seven of the lambs, the FIO 2 was then gradually lowered to reduce the SaO 2 , while all other ventilatory parameters were kept constant. The aim was to lower SaO 2 stepwise and register hemodynamic and coronary flow variables at as many different levels of SaO 2 as possible. When reduction of FIO 2 to room air levels was inadequate to produce desired reduction in SaO 2 , nitrogen was added to inspired air and FIO 2 was lowered further as needed (lowest FIO 2 used, 0.09). Before each hemodynamic and coronary flow velocity measurement, the SaO 2 was kept stabile for 2-3 min before measurements were performed. SaO 2 was measured by pulse-oximeter and confirmed by simultaneous blood gas analysis at every second to third measurement. There was excellent correlation between the SaO 2 registered with pulse-oximeter and SaO 2 measured with blood gas analysis when simultaneous analysis was performed. The hemodynamic variables measured at each stage were heart rate, blood pressure, cardiac output, and LAD flow velocities before and after a bolus injection of adenosine. The lambs were killed with thiopental overdose when the experimental protocol had been completed. After IDGW was placed in the proximal LAD, baseline flow velocity data were obtained at this position once a stable Doppler signal was achieved (Fig. 1 ). This was accomplished by means of torque adjustment with attention to the amplitude display until a high-quality signal had been attained.
Continuous flow velocity profiles and audio signals along with simultaneous ECG were displayed and recorded on videocassette. Doppler flow velocity spectra were analyzed online to determine average peak velocity (APV), where APV is the time average value of the instantaneous peak velocity samples over the last two cardiac cycles. Diastolic peak flow velocity (PFVd) and systolic peak flow velocity (PFVs) were measured off-line and averaged over three cardiac cycles.
Once baseline flow velocity data had been obtained, a bolus of i.v. adenosine 140 g/kg was injected into the catheter in the right jugular vein. Flow velocity spectra were registered for 60 s after each bolus (Fig. 2) . pCFR was defined as the ratio of the highest registered APV after administration of adenosine to baseline APV. For ensuring that true maximal coronary flow velocity was obtained by adenosine, a double dose of adenosine (280 g/kg) was given at the initial measurements in each lamb. This did not result in any significant increase in LAD flow velocity compared with the 140-g/kg dose. rCFR was defined as the ratio of the highest registered APV at severe hypoxemia (mean SaO 2 , 11.4%) to baseline APV at normal oxygen saturation (mean SaO 2 , 94.7%.)
Measurements and calculations. Arterial pressures were measured with pressure transducers referenced to atmospheric pressure with zero obtained at the midchest position. The signal was averaged electronically to obtain mean pressures. Heart rate was obtained from continues ECG monitoring. Blood gas tensions, pH, SaO 2 , and Hb were measured with a Radiometer OSM 3 blood gas analyzer (Radiometer, Copenhagen, Denmark). SaO 2 was additionally continuously monitored by OXImeter pulse-oximeter (Radiometer).
Statistical analysis. Results are presented as mean (SD).
Hemodynamic values, arterial blood gases, and coronary flow parameters were analyzed using ANOVA for repeated measures. When significant differences were found, they were further tested for significance by post hoc tests. Linear and logarithmic regression analysis was used to calculate correlation coefficients (r). P Ͻ 0.05 was considered significant.
RESULTS
Blood gases and general hemodynamics. SaO 2 , blood gases, heart rate, blood pressure, cardiac output, and stroke volume at different stages of the experimental protocol are presented in Table 1 . The administration of adenosine did not result in any significant changes in heart rate or blood pressure. During the hypoxemia part of the experiment, no significant changes were observed in pH, base excess, PCO 2 , cardiac output, or stroke volume. Heart rate and blood pressure did not change significantly with moderate hypoxemia (SaO 2 , 60-90%). With more pronounced hypoxemia (SaO 2 , 30-60%) heart rate increased significantly and blood pressure was reduced. At extreme hypoxemia (SaO 2 Ͻ30%), blood pressure increased again (Table 1).
Coronary flow dynamics. Hemodynamic and coronary flow data in the newborn lambs at normal oxygen saturation are shown in Tables 1 and 2 . With progressive hypoxemia, the APV increased significantly as illustrated in Figure 3 , and regression analysis showed an inverse linear correlation between log(SaO 2 ) and APV (R ϭ Ϫ0.90, R 2 ϭ Ϫ0.81, F ϭ 274.0, p Ͻ 0.0001). PFVd also increased with progressive hypoxemia as illustrated in Figure 4 , and an analogue inverse linear correlation was found between log(SaO 2 ) and PFVd (R ϭ Ϫ0.79, R 2 ϭ Ϫ0.62, F ϭ 99.7, p Ͻ 0.0001). PFVs increased with progressive hypoxemia but not as consistently as PFVd. Regression analysis showed a significant negative linear correlation between SaO 2 and PFVs (R ϭ Ϫ0.66, R 2 ϭ Ϫ0.44, F ϭ 44.5, p Ͻ 0.0001). The changes in coronary flow velocities at different levels of SaO 2 are shown in Table 2 .
CFR and maximal coronary flow. The pCFR at normal SaO 2 was 3.0 (0.5). With progressive hypoxemia, the pCFR was 
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reduced, and at severe hypoxemia (SaO 2 Ͻ30%), it was almost exhausted, with pCFR 1.1 (0.1). Regression analysis showed a linear relation between SaO 2 and pCFR (R ϭ 0.86, R 2 ϭ 0.74, F ϭ 135.6, p Ͻ 0.0001; Fig. 5 ).
Severe hypoxemia (SaO 2 Ͻ30%) resulted in significantly higher (p Ͻ 0.0001) coronary flow velocities than what was obtained by adenosine administration at normoxia (Fig. 6) . The rCFR was 4.2 (0.8). At SaO 2 between 30 and 100%, the maximal coronary flow velocities obtained after adenosine administration were fairly constant. Administration of adenosine at severe hypoxemia (SaO 2 Ͻ30%) resulted in insignificant further increase in coronary flow velocities, as shown in Figure  6 , and as indicated by a CFR of 1.1 at SaO 2 Ͻ30%.
DISCUSSION
The main result of this study is the determination of pCFR in a normal neonatal heart in a stable hemodynamic condition. The results provide a reference interval for pCFR in the newborn lamb model with possible applicability to humans.
Measurements of CFR unavoidably involve exposure to radiation or administration of drugs with potential serious side 208 effects or both and therefore cannot be performed in healthy human neonates. As CFR studies in healthy neonates are entirely lacking and CFR measurements in healthy human neonates with the currently available methods may prove unfeasible because of ethical restraints, we used an experimental lamb model to determine CFR in the normal newborn heart.
In this study, pCFR in the newborn lambs was similar or slightly lower than has been documented in children and adults (5, 8 -11) . A normal adult heart can increase coronary flow/ myocardial perfusion by maximally 2.5 to 4 times the resting value, but normal pCFR values for adults are somewhat different for each method and vasodilator used (5, 6, 9, 12, 13) . CFR can be measured with PET techniques, cine magnetic resonance imaging, and Doppler ultrasound (1, 7, 9, 12, 13) . In the newborn lamb, experimental studies using the radioactive microspheres method have shown a high myocardial perfusion compared with older animals (14 -16) . High basal myocardial perfusion may be associated with reduced CFR; this has led to speculations that CFR in the newborn is generally lower than in older subjects (1, 16) .
CFR can be reduced if basal flow is increased as a result of myocardial hypertrophy or if maximal flow is reduced by functional disturbance of the microcirculation (6, 17) . Severe myocardial hypertrophy, high ventricular pressures, and decreased oxygen saturation commonly associated with congenital heart defects can affect both basal and maximal coronary flow and therefore might reduce CFR (1, 7, 14, 18, 19) .
The PET technique has been used to measure CFR in human neonates who are surgically treated for congenital heart disease, and transthoracic Doppler has been used to describe coronary flow dynamics at rest in neonates (1-3, 7) . With further refinement of the noninvasive Doppler technique, it is likely that it can be used to measure CFR in neonates with congenital heart defects (2, 3, 20) . Available studies applying the PET technique to measure pCFR in neonates who undergo surgery for congenital heart defects have reported a CFR in the range 1.2-1.6 (1, 7) . No healthy control subjects were included, but the CFR was low compared with what has been measured by IDGW and PET on older healthy children and young adults (5, 10, 11, 21) . One of the questions left unanswered by these studies was whether the pCFR obtained in the neonates with surgically corrected congenital heart defects is pathologic, caused by the heart defect or recent surgery, or is a normal value for the neonatal heart. The results of our study point in the direction that neonates with surgically corrected congenital heart defects may have pathologically low CFR and could be at increased risk of myocardial ischemia during any situation that increases myocardial oxygen demand (1, 7) .
The increase in LAD flow velocities in response to progressive hypoxemia in our study is in concordance with earlier studies performed in the newborn lamb using the radioactive microspheres method to measure myocardial perfusion (14, 22) . These studies have shown an increase in myocardial perfusion with progressive hypoxemia and a maximal increase up to 3.77 times the resting flow value when hypoxemia was severe (14, 22) . As coronary flow increases with hypoxemia and pCFR is dependent on resting flow and maximal coronary flow after administration of a vasodilator, we expected to find pCFR linearly reduced during hypoxemia as shown in Figure  5 .
In the current study, the increase in coronary flow velocity with progressive hypoxemia followed an exponential pattern, and at severe hypoxemia, coronary flow velocities significantly exceeded what was obtained by administration of adenosine alone. The rCFR therefore was higher (4.2) than the pCFR (3.0) and slightly higher than the previous experimental lamb studies have indicated (14, 22) . Our results are similar to those of Reller et al. (23) , which showed that severe acute hypoxemia in the fetal lamb causes coronary flow to exceed what can be obtained by administration of adenosine alone. In Reller's study, nitric oxide was shown to be a modulator of the increased flow at severe hypoxemia, as the difference in flow velocity obtained by severe hypoxemia and by administration of adenosine was abolished by administration of nitric oxide synthase inhibitor N-nitro-L-arginine (23) . The mechanism for hypoxemia-induced increase in coronary flow is controversial and has not been studied in newborns. It may be explained by increased coronary shear-stress that causes a release of endothelium-derived nitric oxide and vasodilatory prostaglandins that can increase coronary flow additionally by a mechanism different from adenosine (23) (24) (25) .
Methods and limitations. Measurements of coronary flow velocities and CFR with the IDGW have been validated extensively both in vitro and in vivo (26, 27) . The IDGW measures flow velocity, not volume flow, but a close linear correlation has been shown between coronary flow velocity measured by the IDGW and volume flow measured by electromagnetic circumflex flow probes (26) . The IDGW has been shown to cause negligible flow disturbance in coronary arteries as small as 1.2 mm in diameter, and even if our study was performed in small animals, the 0.014-in diameter wire is unlikely to have affected the coronary flow (26) .
Coronary flow becomes dependent on coronary perfusion pressure when the coronary bed is maximally dilated (4). Coronary perfusion pressure was not measured during this experiment but is closely related to mean arterial blood pressure. Mean blood pressure was not increased at severe hypox- Table 1 ). The higher maximal coronary flow at severe hypoxemia therefore is unlikely to be explained by higher coronary perfusion pressure.
Both continuous i.v. infusion and intracoronary bolus injections of adenosine have been shown to produce similar CFR values (28, 29) . The i.v. bolus dose of adenosine used in this study produces a sustained coronary hyperemia that is at least equal to that produced by continuous infusion, and it was chosen as it was assumed to cause less general hemodynamic effects than a continuous infusion (28) . We feel confident that true maximal coronary flow velocity was measured in our study, as a double dose of adenosine did not result in higher CFR values.
This study was performed in anesthetized lambs, and thoracotomy was performed. The surgery was necessary to close the arterial duct, as left to right shunt may have large effects on coronary flow (3, 30) . Mechanical ventilation and anesthesia might have effects on basal coronary flow and CFR, but data obtained in anesthetized mechanically ventilated children have shown CFR values comparable to values obtained in adults who were not subject to anesthesia (5, 10) . Even if a small increase in myocardial blood flow induced by ketamine has been described in dogs, available studies in newborn lambs have shown that the drug has no significant effects on heart rate, mean arterial pressure, and systemic vascular resistance and is thereby unlikely to have affected myocardial blood flow in this study (31) .
CONCLUSION
Newborn lambs have a similar capacity to increase coronary flow in response to both pharmacologic and reactive stimuli as older subjects. Administration of adenosine, however, does not reveal the full capacity of the newborn coronary circulation to increase its flow, as the flow increase caused by severe hypoxemia is significantly more pronounced.
